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Abstract: To develop oil shales as an alternate energy ~esource, 
it will be ~e~essary to develop appropriate mining techn~ques. In 
this regard, the mechanical properties of the ore must be 
determined. Section I of this paper presents data from a 
laboratory study to determ~ne these propert1.e.s. Dn1.aX":"al 
compression tests longitudinal frequency tests, ind1.rect tens1.le 
t ts and triaxial tests were per.formed. .Section II uses data f;~m 'section I to design an example underground mine. S~rength 
properties are considered in the design of roof spans and p~llar~. 
It is concluded that underground mining. of Kentucky oil shale 1.8 
feasible with a possible extraction rate of 70 percent or _m~re 
through an aggressive rock mechanics program and good m1.n1.ng 
practices. 
SECTION I-ROCK PROPERTIES 
Introduction 
Because of the abundance of oil shales in 
-many south-central Kentucky counties, the 
development of these resourses as an alternate 
source of energy appears favorable. However, 
to recover these materials through mining 
techniques, a thorough understanding of the 
mechanical properties of the material is 
necessary. 
For this purpose , a number of ho.les were 
drilled in several south-central Kentucky 
counties and a series of cores containing the 
oil shales "lfere obtained. These were sealed to 
prevent moisture loss and transported to the 
laboratory. A total of 34 specimens were 
tested in the laboratory and these are listed 
in table i. The mean moisture content of the 
34 specimens was 0.96 percent 1-dth a standard 
deviation of Q. 28 and a coefficient of 
variability of 29 percent. 
The following.tests were performed in the 
laboratory: ( 1) the. uniaxial compression test, 
(2) the fundamental, Jongitudunal frequency 
test to deter~ine the dynamic modulus, (3) the 
indirect tensile test, and (4) the triaxial 
compression test. 
Uniaxial Compression Tests 
Seventeen uniaxial compression tests wer·; 
performed to determine the maximum compressive 
stress, elastic modulus and Poisson's rati0. 
The American Society for Testing and Materiul:· 
standard test method No. D 3148 was used. 
Figure i shows the direction of loading in the 
uniaxial compression test. The specimens were 
loaded until failure at a rate that would 
produce failure in no less than five minutes 
but no more than 15 minutes. 
four SR-4 strain gages. The gages were 
mounted at the midpoint of the s:re·d~!l~n, 
ninety degrees apart. The average ·~· C nro 
gages (on opposite sides of the specimen) ~-;as 
used to calculate axial strain anq, likewise, 
the ::ve.rage of the remaining two gages was 
used to calculate radial strain. Load on the 
specimen was monitored by a load transducer. 
A schematic diagram of the uniaxial 
compression apparatus is shown in Figure 2. 
The axial strain at any point during the 
test is calculated as follows (1): 
ea = .6.1/l 
where 
ea= axial strain, 
l= original undeformed length of specimen, 
and 
.6.1= change in length of specimen. 
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Figure 1. Loading Direction in the 
Uniaxial Compression Test. 
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The radial strain· is calculated from the 
equation (1); 
= radial strain, 
original undeformed diameter of 
specimen, and 
~d = change in diameter. 
The compressive stress is calculated from the 
following equation (1): 
s P/a 
where 
s compressive stress, 
P applied load, and 
a = original cross-sectional area of 
specimen. 
Poisson's ratio is calculated as follows: 
v = edfea 
where v = Poisson's ratio. 
A typical example of the data as calculated in 
the above equations is shown in Figure 3. 
Figure 3 also illustrates the method used 
to calculate the tangent elastic modulus from 
the uniaxial compression test. The slope of 
the axial stress-strain curve was determined 
at 50 percent of the maximum compressive 
stress according to the following equation: 
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Figure 2. Schematic Diagram of the 
Uniaxial Compression Apparatus, 
ranged from 1.17 x 104 to 1.84 x 104 pounds 
pe4 square inch, with a mean value of 1.50 x 
10 pounds per square ~nch and a standard 
deviation of 2.08 x 10 pounds per square 
inch. The coefficient of variability 
(standard deviation/mean x 100) was 14 
percent. The ttngent elastic mgdulus ranged 
from 1.02 x 10 to 3,36 x 10 pou,nds per 
squa5e inch with a standard deviation of 5. 97 
x 10 pounds per square inch. The coefficient 
of variability for this parameter was 37 
percent. The value of the tangent elastic 
modulus showed a considerable amount of 
variability. It is suggested that this is 
largely due to the · nonuniformi ty of the 
specimens, It was noted that many of the 
specimens had small inclusions of pyrite 
crystals and it appeared that the spec~mens 
often failed around these crystals. 
Dynamic Modulus ~ 
The dynamic Young's r.rodulus was determined 
for all test specimens. The procedure used is 
outlined in standard test method No. C 215 of 
the American Society for Testing and 
f1aterials. Standard test method No. D 2845 
could also have been used, however, the 
limitations on dimensions were more severe 
than inC 215. 
A schematic diagram of the testing 
apparatus is shown in Figure 4. The 
oscillator was used to induce a sinusoidually 
varying longitudinal wave in the specimen. 
The specimen response was determined by the 
accelerometer at the opposite end of the 
specimen cylinder. The outputs from the 
oscillator and the accelerometer were input to 
a dual beam oscilloscope. l'lhen the 
oscilloscope is made ~o display the forcing 
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Figure 3. Example of Data Illustrating Stress as a Function of Strain and 
Poisson's Ratio and Method of Obtaining the Tangent Elastic Modulus. 
function versus the accelero~me~ter output, an 
-elLipSe, ~f some shape will result. The 
'osciliator is tuned through a range of 
frequencies and the frequency at which the 
major and minor axes of the elipse align 
·vertically and horizontally is the fundamental 
longitudinal frequency. 
The dynamic Young's Modulus is calculated 
from the follow~ng equation (2): 
Ed DW (n) 
where 
Ed dynamic Young's modulus, 
n 
w 
D 
L 
d 
fundamental longitudinal frequency, 
weight of sp2~imen, 
0.01318 (L/d • 
specimen length, and 
specimen diameter. 
Table 1 
for each of 
widely from 
lists the dynamic Young's Modulus 
the specimgns. The value~ varied 
1-!37 x 10 to 5-55 x _10 pounds 
per .square inch. The ffiegn value for the 34 
spec~mens was 3.72 x 10 pounds per square 
inch with a standard deviation of 9, 57 x 10' 
pounds per square inch. Again, the 
coefficient of variability was 26 percent. 
Indirect Tensile Test 
Fourteen indirect tensile tests were , 
performed a·ccording to ASTM standard test No. 
C 496. The specimens were loaded with the 
same compression machine as used in the 
uniaxial compression tests. In this test, 
only the load is monitored. The loading 
configuration on the specimen is illustrated 
in Figure. 5. Although the specimen is tested 
in compression, the specimen fails in tension 
along, or close to, the surface shown as a 
dashed line in Figure 5. For this reason the 
test is described as an indirect tensile test. 
The load is applied continuously, at a 
constant rate within the range of 100 to 200 
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Figure 4. SchematiC ·Diagram of Apparatus Used to Obtain Dynamic Young's Modulus. 
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Figure 5. Loading Direction in the 
Indirect Tensile Test. 
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pounds p8r square inch per -minute of tensile 
-stress until the specimen fails. The tensile 
stress is calculated as follows (1) : 
'l' 2P/ ld 
where 
T tensile stress, 
P maximum applied load indicated by the 
testing machine, 
1 length of specimen, and 
d "' diameter of specimen. 
Table 1 lists the results of 3hese tests. 
Th~ .values ranged from 2.17 x 10 to 2.95 x 
10· pounds per: square inch. The mean value 
'Has 2.50 x 10J pounds per square inch and a 
standard deviation af 250 pounds per square 
inch. '.::'his is a coefficient of variability of 
10 percent. 
Triaxial Test 
Three triaxial tests were performed. In 
the triaxial test, the specimen is sealed in a 
rubber membrane and is then placed in a fluid-
filled chamber. By applying air or hydraulic 
pressure to the chamber, the specimen can be 
placed under an isotropic confining stress. 
The specimen is then loaded vertically to 
failure. Figure 6 illustrates the loading 
pattern on a triaxial specimen and Figure 7 is· 
a schematic diagram of the triaxial apparatus. 
The procedures used in this study are 
described in ASTM standard No. D 2664. 
Generally, triaxial test data are used to 
define the shear strength parameters commonly 
known as the internal friction angle, 0, and 
cohesion, c. To determine these parameters, 
the confining stress and the roaximum applied 
vertical stress are plotted in a "Mohr's 
stress diagram" as illustrated in Figure 8. 
Because of the heterogeneous nature of rock, 
--------t'lrr<ee-triaxial cescs axe n 
and the results plotted as shown in Figure g. 
A "best-fit" straight line is then fitted 
tangent to the three i1ohr's circles. The zero 
intercept of this line is defined as the 
cohesion, and the angle of this line with the 
horizontal is the angle of internal friction. 
These parameters are often used in the design 
of soil and rock structures. 
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Figure 6. Loading Scheme in the 
Triaxial Compression Test. 
Figure 7. Schematic Diagram of Triaxial Compression Apparatus. 
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Figure 8. Mohr's Diagram for Triaxial Compression Test. 
The results of the three triaxial tests in 
this study are shown in Figure -9. Confining 
pressures of 2000, 3000, and 4000: pounds per 
square inch were used. The test with 3000 
pounds per square inch confining pressure 
(sample 19) had an equipment malfunction 
duri~g the tests which made the failure stress 
abnormally low. However, if the average 
stress values of the uniaxial compr-ession 
tests (zero confining pressure) is plotted 
with the triaxial tests, the shear strength 
paramters can be determined, From Figure 9 
the internal friction angle, O, was determined 
to be 26.5 degrees and the cohesion is 4800 
pounds per square inch. 
Some of the results of this section will 
now be used in an example mine design 
application. 
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SECTION II - MINE DESIGN 
Introduction 
It is not the intent of this section to 
present techniques for mine design or derive 
any new empirical formulas. Rather, to 
examine the data in Section I and take a 
practical· look at how it could be used in an 
initial mine design. 
Past experience is often the key, and 
primary tool, in designing any underground 
opening. There is no better classroom or 
laboratory for a mining engineer than an 
operating mine. However, even where 
considerable past ex_perie!J.ce has been gained 
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Figure 9. Results of Triaxial Compression Tests. 
-eacH mine must be e""aluated independently due 
to the extreme variability in the physical 
properties of natural materials from one 
location to the next. Often, many critical 
design criteria must be determined from the 
examination of drill core specimens until · 
access to the ore body is gained. 
At present, knowledge of Kentucky oil 
shale physical properties is limited to the 
results from laboratory testing as presented 
in Section I. From these results we can 
predict with a limited degree of accuracy how 
the oil shale-, and surrounding rock, will 
behave in a mining situation. Once 
underground workings are established, the true 
in-situ behavior of a mine in Eastern Oil 
Shales can be determined and the mine design 
fine tuned accordingly. 
Selection of ~ Mining Method 
Before any design work can begin, a mining 
method must, of course, be selected. There 
are three factors that tend to limit the 
mining methods .that may be employed for a 
given deposit. These ~re ~s follows: 
1. Spatial- characteristics of the 
deposit. 
2. The physical properties of the 
deposit and surrounding strata. 
3· Environmental requirements. 
Because of the abundant reserves of 
Kentucky oil shale located in areas with 
favorable stripping ratios, the ffrst 
generation of commercial mines will employ 
surface - nll.n~ng t&Chriiqlles. In several 
locattons, highwall to ore ratios will become 
impractical as m~n~ng moves towards the 
·foothill regions, at which time, adi ts may be 
driven into the highwall along the mining zone 
to establish an underground mine. Although 
the data in Section I could be applied to 
surface m~n~ng, it is the second generat~on of 
'mines (underground) to which th~s report will 
·address itself, 
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The spatial characteristics of oil-bearing 
·shales in Kentucky has been well established 
through a core drilling program conducted by 
the Institute for ~lining and !tinerals Research 
(IMMR). They can best be classified as flat 
laying, thick bedded deposits, occurring as. 
multiple seams in some locations, but only as 
.a single seam (the Cleveland Member of the 
Ohio Shale Formation) in the area for this 
report. This type of layout is most 
effectively mined by longwall or room and 
pillar mining techniques. 
There are three areas, hanging wall, ore 
zone, and footwall, that must be considered 
when analyzing the physical characteristics of 
a potential underground mine (see Figure 10). 
Due to the limited number of tests performed 
to date on Kentucky oil-bearing shales and the 
lack of any in-situ observations of its 
behavior, conservative design parameters must 
be used. The physical properties listed below 
for each area reflect the uncertainty involved 
with limited data. 
:-ranging Wall: 
The Borden 
and siltstones, 
the overburden. 
Formation consists of shales 
an-d c-ompris-e the- maj-ority -of 
As a result of the extreme 
slaking •..rhich occurred to core specimens from 
the Borden Formation no physical property 
testing was done in this zone. While this 
does not provide us with any information for 
empirical design it does indicate the 
necessity to protect the roof rock from 
Weathering where long-term stability is 
·I-eq_uired or be prepared for failure of the 
immediate roof. 
Some physical properties testing was 
conducted on Borden Formation specimens in an 
examination of oil-bearing shales in Lewis and 
Fleming Counties, Kentucky by Ir1MR (4). 
Results of this testirlg will be used to-- a 
limited extent later in the report. See 
Appendix A for derivation of properties listed 
'below. 
* 
Unconfined Compressive Strength 
C "' 8.883 psi 
Yoling's Modulus6 
- 0.5jJ x 10 psi 
Indirect Tensile Strength 
T = 674 psi 
Flgxural Strength 
R
0 
= 1,617 psi 
Unit Weight* 155 lbs/ft3 
University of Kentucky estimate. 
Ore Zone: 
-------Cleveland Member of the Ohio Shale 
Formation. See Appendix B for the derivation 
of the properties listed below. 
* 
Unconfined Compressive Strength 
C = 12,141 psi 
Yoftng's Modulus6 E = 1.045 x 10 psi 
Indirect Tensile Strength 
T = 2,343 psi 
Fl2xural Strength 
R
0 
= 5,624 psi 
* Unit Weight 
University of Kentucky 
145 lbs/ft 3 
estimate. 
Foot Wall: 
-- ~ron Member of the Ohio Shale 
Formation. See Appendix C for the derivation 
of the properties listed below. 
Unconfined Compressive Strength 
C = 12,872 psi 
Yotingfs ~Iodulus 6 E = 1.186 X 10 psi 
Indirect Tensile Strength 
T = 2,166 psi 
Flgxural Strength 
R = 5,199 psi 
Thg physical characteristics of the 
hanging wall, ore zone, and footwall would be 
acceptable to either room and -pillar or 
longwall mining. The physical properties of 
the ore zone and footwall are similar enough 
that no problems would be expected from floor 
heave or pillar bo:ttom punching. 
The weathering and· possi-ble incomPetency 
of the Borden Formation in the hanging wall,, 
·combined with its lower fle¥ural strength, 
lends itself well to a caving technique, such 
as longwall. However, the low value o·f 
Young's Modulus could indicate a tendency to 
deform elastically in mass when under load. 
An effective longwall operation depends on a 
han-ging wall that caves consistently (see 
Figure 11). 
If a longwall back composed of the Borden 
Formation behaved by converging without; or 
with delayed, failure (caving), the overburden 
load would be shed to the advanci.ng face and 
the chain pillars in the headgate, and 
tailgate entries. Under these conditions 
pillara in the · mining zone, having a much 
higher compressive strength than the hanging 
·wall rock, would tend to punch into the back 
creating extremely adverse ground conditions 
(see Figure 12). 
Pillar punching could be a problem in room 
and pillar mining as well. The accepted 
solution to this would be designing the 
'pillars to yield as load increases rather than 
remain stiff and punch into the back. A 
yielding pillar can create other problems in a 
headgate or tailgate entry with rib spalling 
or by failing in a brittle fashion rather than 
)ieHing. Pillat' Gesign uil1 be de.,crihed 
further later in this report. 
It must be noted that the properties of 
•the Borden Formation used in the above 
discussion were derived from core samples 
taken in Lewis and Fleming counties, 100 miles 
or more from-the location of core samples used 
for testing in Section I of this report. It 
is uncertain how much the physical properties 
of a formation could change. over 'this 
'distance. Cleveland Member core samples from 
Lewis and Fleming counties displayed a 
compressive strength up to 50 percent lese 
than the values used in this report. This 
,does highlight the need for site-specific 
testing before attempting a final de.si,.gn. 
The behavior of the back is essential to a 
longwall operation and allows for fewer design 
opti.ons than a room and pillar system. \Vi th 
the· uncertainty of the Borden Formation's 
.behavior· a,.s a mine back it would not be 
prudent to attempt first -gene:C-~ti.:'ln 
C:=J C:=J C:=J ~ = c... 
c:::J c:::J c:::J c:::J = c::. 
TAILGATE 
ENTRIES 
HEADGATE 
.=::!.....!::::="-l::::::::!..-'="'--'='-'==--=""-="-=:=::!.--'=""-="'-"=-E NTRIE S 
SECTION 
LONGWALL MINING 
underground mining 'with a longwall system. 
Also, at this ·time off the shelf longwall 
equipment is not available for cutting ore 
with a compressive strength of 12,000 plus 
psi. Therefore, a room and pillar mining 
system will be examined as the mining 
technique to be employed. 
The environmental requirements will not be 
discussed in this report, The surface mining 
which will undoubtedly precede any underground 
mining would address this issue. It would be 
safe to assume eith~r underground mining 
technique could meet whatever requirements 
necessary. 
In designing a room and pillar layout one 
of the first considerations is the safe 
maximum roof span. As discussed previously, 
the extreme slaking observed in Borden 
Formation core samples indicates a need to 
protect the roof rock from weathering. To 
Figure 11 
accomplish .-this, a two-foot-thick zone (see 
Figure 13). Using eight-foot resin-grouted 
roof bolts, a composite beam composed of two 
feet of Cleveland Member shale, being the 
thinest part of the beam, will encounter the 
highest stress. From the indirect tensile 
test the modulus of rupture (R ) is calculated 
0 to be; 
R
0 
~ 5,624 psi, for Cleveland shale. 
Because of the uncertainty resulting from, 
limited test data and experience, a safety 
factor of eight will be used. The maximum 
allowable stress will be; 
crallow"" R/F.S. 
crallow"" 5,624/8 703 psi 
Knowing the allowable stress, a 
beam formula can be rearranged to 
the maximum roof span. , 
composi-;;e 
calculate 
UN CAVED (YIELDING) 
BACK IN LONGWALL 
AREA SHEDS OVERBURDEN 
LOAD TO CHAIN PILLARS 
LOCAL ROOF FAILURE 
STIFF PILLARS, HAVING A HIGHER COMPRESSIVE 
STRENGTH THAN THE HANGING WALL, WILL PUNCH INTO 
THE ROOF, I. E. ROOF FAILS BEFORE PILLARS WILL 
YIELD. 
LONGWALL ENTRY 
2 0max= {L /tl) {(yltl+Y2t2)/(tl+t2)) 
L2 = (crmaxtl)/((yltl+y2t2)/(tl+t2)) 
where 
a = maximum allowable stress = 703 psi 
max 
L = length of the beam 
t 1 = thickness of Cleveland u
nit = 2 ft 
t 2 = thickness of Borden unit = 5 ft 
y = unit weig~t of Cleveland shale = 1 145 lb/ft 
y = unit weig~t of Borden shale = 2 155 lb/ft 
solving for 1 
L = 36.4 feet 
Figure 12 
STABILITY 
The maximum stress in the Borden shale · 
unit Of the beam would be; 
crmax = (36. 42 /5) [ ( (145) (2) + (155) (5)) J (2+5)] . 
. crmax= 280 psi 
The safe-ty factor for 'the Borden sh.ale can 
be calculated from its flexural strength. 
F.s. = Ro/crmax 
F.S. = 1,671/280 = 5.8 
This is lower than the safety factor for the 
Cleveland shale but still acceptable. The 
above design equation reflects the only 
flexural strength of a composite ·beam clamped 
at each end and does not take into 
consideration any frictional resistance to 
bending between bedding planes. 
®CLEVELAND MEMBER 
Rc 
== F.'S. == 
t 1 = 2 H. 
t2 = 5 ft. 
5623 
8 = 703 P.S.I. 
(S' 1 = 145 I b./ f t •
3 
~2 = 155 lb./tt.3 
ROOF SPAN CALCULATION 
Figure 13 
The span calculated above will be used as 
the maximum allowable span, which occurs 
across the diagonal of an intersection. The 
maximum room span will be (see Figu~e 14); 
Lroom " L max (sin 45 ) 
Lroom" 36.4 (sin 45 )" 25.74 ft 
say 25 feet. 
~Design 
The convention8.1 method of relating 
compressive strength ( C ) WJ. th a safety 
factor, to overburden pr£lss'ure, will be used 
for pillar design. Sev~ral more so~histicated 
techniques takirig in-si. tu angles of internal 
friction, confining pressures and width to 
height ratios into account, have been proposed 
in recent years. These more adv-anced methods 
should be considered once site-specific 
information is available for final design. 
Knowing the maximum room span and the· 
depth of overburden a series of calculations 
can be made to determine the safety factor of 
various pillar dimensions (see Figure 15) as 
shown in Table 2. 
where 
F.S. = C /a 
0 
C = compressive strength (12,141 psi) 
cr
0
= pillar load 
y • unit weigh~ of overburden 
(155 lb/ft ) 
,Table 3.· Factors of Safety .!2!. Pillar Design 
L X 
(Ft) (Ft) 
25 20 
25 25 
25 30 
25 30 
y 
(Ft) 
25 
25 
25 
30 
"" ill 
R (j F.S. R p (psi) e 
0.22 2,200 5.52 78% 
0.25 1 ,937 6.27 75% 
0-27 1 ,776 6.84 73% 
0-30 1 ,628 7-46 70% 
ROOM 
PILLAR 
LROOM = LMAX (SIN 45") 
ROOM WIDTH,PLAN VIEW ROOM INTERSECTION 
Figure 14 
and 
·where 
and 
where 
and 
where 
a 
d depth of overburden 
R ~ pillar ratio 
p 
R = (x) (y)/ {x+L) (y+L) p 
X= pillar width 
y = pillar length 
L = room span (25 ft.) 
R = (1-Rp) 100 
e 
R = extraction ratio 
e 
(450 ft) 
Experience in western oil shale mines has 
shown the use of large diameter blast holes to 
be most economical. Blast damage up to 30 
!times, the hole diameter could occur if no 
attempt .is made to use controlled blasting 
teefrai>J:P9li snch as deconpling. A conserv~tive' 
mine design must take into account, espec1ally 
in main entries where life of mine access is 
required. 
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If, for example, a 3.0 inch diameter blast 
hole_ were used, a zone of blast damage around 
the perimeter of the pillar up to 7. 5 feet in 
depth could exist. Presumably a bedding plane 
will be found to form the immediate roof line 
·and prevent the propagation of blast damage 
_into the roof beam. The compressive strength 
of the rock in the blast ~amage area would be 
reduced 50 percent or more. The roof beam 
depends upon a solid foundation on each end, 
the effective room width ~tould have to be 
reduced to provide the necessary support and, 
therefore, the extraction ratio would also be 
reduced (see Figu-res 16 and 17). 
Assuming 50 percent strength in the blast 
damage zone would require the addition of 3.75 
feet to each rib, or 7.5 feet to the cross 
sectional dimensions to maintain the same 
safety factors, see Table 3. 
Of course once again actual field 
experience will finally dictate what extent 
blast damage. or its control wj l 1 have an 
pillar design. 
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Table .2.· Pillar Design 
L X y 
(Ft) (Ft) (Ft) 
25 20 25 
25 25 25 
25 30 25 
25 30 30 
Conclusions 
The lack of s~te-specific information on 
the Borden Formation, which comprises the 
hanging wall and most of the overburden, 
limits the confidence with which a mine design 
-can be applied. Questions regarding possible 
p~llar puncn~ng and olas t damage canno b be 
properly answered with the available 
laboratory data and most likely will not_ be 
fully understood until in-situ observations 
are possible. what benefits could be gained 
from a yielding pillar design can only be 
ascertained in an active mine. 
Even with the conservative design approach' 
taken, the mechanical properties of Kentucky· 
oil shale indicate successful underground 
mining is feasible. Overall extraction of 7Q 
percent or more will be possible through an 
aggressive rock mechanics program and good 
mining practices. A pilot or experimental 
mine would provide the clues to many of the 
questions raised in this report. 
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APPENDIX A 
PHYSICAL PARAMETERS OF ~ FORMATION SHALES 
Basic data from IM!1R, Resource Assessment 
of Oil-Bearing Shales in Lewis and Fleming 
Counties, Kentucky, Section~ 
1. Unconfined compressive Strength 
(C ) mean compressive strength 
miftus the standard deviation. 
Test Results 
X 
s 
c 
o• 
11,818 psi 
15,300 
9,000 
12,039 
-3,156 
8,883 psi 
2. Young's ~!odulus (E) 1 mean value 
minus the standard deviation, using 
Et at 50 percent failure load. 
Test Results 1.475 x 106 psi 
2.630 X 106 
0.986 X 106 
X 
s 
E 
~~6~~-:-~;6--
6 
-,844 X 10 
----------b--
0.853 x 10 psi 
Indirect Tensile Strength (T ) mean 
value minus the standard dev£ation. 
Test Results 782 psi 
726 
707 
794 
729 
X 730 psi 
s -56 
T 674 
o= 
Flexural Strength (R0) 
2.4 T 
2.4 (874) 1,617psi 
APPENDIX B 
PHYSICAL PARAMETERs OF CLEVELAND }'!,EMBER ~ 
1 • Unconfined Compressive Strength 
(C 1 mean compressive s-trength miRU~ the standard dev~ation. 
Test Results 
X 
s 
c 
0 
16,325 psi 
16,643 
11,721 
14,896 psi 
-2,754 
12,141 psi 
2. Young's Modulus (E), mean value 
minus the standard deviation. 
Test Results 
X 
s 
E 
1 .039 X 106 
1.505 X 106 
1.932 X 106 
----------;;--
1 ·492 X 10 
-·447 X 106 
----------;;---
1.045 x 10 psi 
Indirect Tensile Strength (T ) mean 
value minus the standard dev~ation. 
Test Results 2,707 psi 
2,382 
2,453 
2,514 psi 
R 
0 
R 
0 
X 
s -171 
2,343 
Flexural Strength (R ) 
0 
2.4 T 
0 
2.4 (2,343) ' 5,624 psi 
APPENDIX C 
PHYSICAL PARAMETERS OF HURON ~ SHALE 
1. Unconfined Compressive Strength (c } mean compressive strength 
miftus tbe standard deviation. 
Test Results 12,881 psi 
14,957 
16,047 
X 
s 
c 
o= 
11 ,887 
14,491 
16,371 
14,768 
14,486 
-1,614 
12,872 psi 
2. Young's Modulus (E), mean value 
minus the standard d.gviation. 
Test Results 1 .157 x 1 o6 psi 1.624 X 106 1.435 X 106 
1.488 X 106 1.048 X 106 1.487 X 106 1.597 X 10 
----------~;--
X 1 .405 X I 0 
8 
E 
6 
-0.219 X 10 
-----------;;-
1.186 X 10 
3. Indirect Tensile Strength 
mean value minus the standard deviation. 
Test Results 2,656 
4. 
R 
0 
R 
0 
2,741 
2,166 
2,166 
2,440 
X 2,434 
s - 268 
T=2,166psi 
Flexural St~ength (R 0 ) 
2.4 T 
0 
2.4 (2,166) 5,199 psi 
psi 
psi 
(T ) 
0 
